Objective: To identify the potential complications associated with RBC transfusions. Design: Prospective observational study. Setting: PICU in a tertiary children's hospital. Patients: All children consecutively admitted to our PICU during a 1-year period. Interventions: None. Measurements and Main Results: Data were abstracted from medical charts prospectively. Outcomes possibly attributable to RBC transfusions were looked for daily. In transfused cases, it was considered that an outcome was associated with a transfusion only if it was observed after the first RBC transfusion. During the 1-year study period, 913 consecutive admissions were documented, 842 of which were included. Among them, 144 (17%) were transfused at least once. When comparing transfused cases with nontransfused cases, the odds ratio for new or progressive multiple organ dysfunction syndrome was 5.14 (95% CI, 3.28-8.06; p < 0.001). This association remained statistically significant in the multivariable analysis (odds ratio, 3.85; 95% CI, 2.38-6.24; p < 0.001). Transfused cases were ventilated longer than nontransfused cases (14.1 ± 32.6 vs 4.3 ± 9.6 d, p < 0.001), even after adjustment in a Cox model. The PICU length of stay was significantly increased for transfused cases (12.4 ± 26.2 vs 4.9 ± 10.2 d, p < 0.001), even after controlling for potential confounders. The paired analysis for comparison of pretransfusion and posttransfusion values showed that the arterial partial pressure in oxygen was significantly reduced within the 6 hours after the first RBC transfusion (mean difference, 25.6 torr, 95% CI, 5.7-45.4; p = 0.029). The paired analysis also showed an increased proportion of renal replacement therapy. Conclusions: RBC transfusions in critically ill children were associated with prolonged mechanical ventilation and prolonged PICU stay. The risk of new or progressive multiple organ dysfunction syndrome was also increased in some transfused children. Furthermore, our study questions the ability of stored RBCs to improve oxygenation in critically ill children. Practitioners should take into account these data when prescribing an RBC transfusion to PICU patients. (Pediatr Crit Care Med 2015; 16:505-514) 
R
BC transfusion is the quickest way to increase hemoglobin concentration and can be lifesaving for patients with hemorrhagic shock or severe anemia. However, issues with regard to the safety of blood transfusions have emerged in recent years. Advances in donor screening and in blood product management have markedly decreased the risk of pathogen transmission (1) . The focus has now shifted to noninfectious serious hazards of transfusion (NISHOT), which are increasingly described in the literature. The most common NISHOT is mistransfusion or transfusing the incorrect blood product to a patient (2) . However, there are numerous other NISHOTs, including transfusion-related acute lung injury (TRALI) (3), transfusion-associated circulatory overload (TACO) (4), alloimmunization (2) , and transfusionrelated immunomodulation (5) . These adverse reactions may Clinical Outcomes Associated With RBC Transfusions in Critically Ill Children: A 1-Year Prospective Study* exacerbate organ dysfunction and therefore worsen the clinical condition of transfusion recipients.
RBC transfusions are frequent in critically ill children. Approximately 15-23% of children admitted to PICUs receive at least one RBC transfusion (6, 7) , and nearly one in two children who stay in PICU more than 48 hours will be transfused (8) . Stated transfusion practice patterns show significant variation among pediatric intensivists (9) . Although there is high-level evidence published that shows it is safe to adopt a restrictive transfusion strategy (i.e., to transfuse RBCs only if the hemoglobin level drops below 70 g/L) in stable noncyanotic critically ill children (10) , some data show that it can take several years before new knowledge is applied at the bedside (11) . This might be explained by poor physician knowledge regarding the adverse effects of blood products. It is thus important to describe the clinical outcomes associated with RBC transfusions in critically ill children, in order that physicians can better estimate the risk-benefit ratio of transfusing RBCs in PICU.
We therefore conducted a 1-year prospective observational cohort study to determine adverse outcomes associated with RBC transfusion in a multidisciplinary PICU population.
MATERIAL AND METHODS

Study Site
The PICU of Sainte-Justine University Hospital is a multidisciplinary 24-bed pediatric critical care unit, serving both medical and surgical specialties. On average, there are 1,000 admissions per year.
Study Population
All consecutive admissions to the PICU, from April 21, 2009 , to April 20, 2010 , were prospectively screened for recruitment. Exclusion criteria were newborn with gestational age less than 40 weeks at the time of PICU admission, age less than 3 days or more than 18 years at PICU admission, pregnancy, or admission just after labor.
Cases were defined as transfused cases if at least one RBC transfusion was given during the PICU stay and as nontransfused cases if no RBC transfusion was given.
Data Collection and Management
Trained research coordinators prospectively collected data daily in a validated case report form. All information was abstracted from patient medical charts.
Baseline data collected within 24 hours after PICU entry included age, gender, weight, medical history, and admission diagnoses (more than one diagnosis could be attributed to each patient). A predictive score of mortality, the Pediatric Risk of Mortality (PRISM) score (12) , and a descriptive score of severity of multiple organ dysfunction, the Pediatric Logistic Organ Dysfunction (PELOD) score (13) were used to describe severity of illness at entry.
This study was observational and provided no transfusion guidelines to medical staff.
Institutional review board approval was obtained, waiving the requirement for written informed consent.
Outcomes
The list of outcomes under study was generated a priori. In nontransfused patients, each outcome was documented as a single event that occurred at any moment during the prospective follow-up of a patient's ICU stay. In transfused patients, a variable was considered an outcome associated with a transfusion only if it was observed after the first RBC transfusion event.
Primary Outcome. The primary outcome measure was "new or progressive multiple organ dysfunction syndrome" (NPMODS) (10) . This was the proportion of patients with development or progression of multiple organ dysfunction syndrome (MODS), as defined by Goldstein et al (14) . In nontransfused patients, new MODS was diagnosed if a patient with no or one organ dysfunction at admission developed two or more organ dysfunctions during the PICU stay, and progressive MODS was considered present if a patient who already had MODS at PICU entry developed dysfunction of at least one other organ during the PICU stay. In transfused patients, new MODS was diagnosed if a patient with no or one organ dysfunction at the time the first RBC transfusion developed two or more organ dysfunctions during the remaining PICU stay after the first RBC transfusion and progressive MODS was diagnosed if a patient who already had MODS when the first RBC transfusion was initiated developed dysfunction of at least one other organ after transfusion and during the remainder of the PICU stay. Patients who died were considered to have the primary outcome.
Secondary Outcomes. Nosocomial infections were defined as infections diagnosed at least 2 days after PICU entry. Presence of suspected bacterial or viral infection was extracted from medical records (suspected infection); the infection was considered proven if a bacterial or viral culture in specimens drawn in PICU was positive. We also recorded PICU length of stay, duration of mechanical ventilation, and 28-day mortality.
Tertiary Outcomes. Hypotension was defined as a systolic blood pressure below the 5th percentile for age (15) . Systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis, and septic shock were defined according to the definitions from the international pediatric sepsis consensus conference (14) . Acute respiratory distress syndrome (ARDS) was defined according to the following criteria: acute onset, Pao 2 /Fio 2 ratio up to 200, bilateral infiltrates on chest radiograph, and no evidence of left atrial hypertension (16) . Po 2 was measured using arterial (Pao 2 ) or capillary (Pcapo 2 ) blood samples. We documented the worst Po 2 and the worst oxygen saturation (Spo 2 ) during the 2 hours preceding and during the 6 hours following the first RBC transfusion.
Statistical Analysis
Results of descriptive statistics were expressed as a fraction of the total population, mean ± sd, and/or median with interquartile range.
Continuous variables were compared using Student t test if the variable was normally distributed (as attested by the Shapiro-Wilk test) or Wilcoxon test if not. The chi-square statistic was used for categorical variables. Results were considered statistically significant when the p value was less than 0.05.
For all dichotomous outcomes, a crude odds ratio (OR) with its 95% CI was calculated using logistic regression.
We decided a priori to conduct multivariable analyses for the primary outcome (NPMODS) and the secondary outcomes (nosocomial infection, 28-d mortality, duration of mechanical ventilation, and PICU length of stay). We used multivariable logistic regression for dichotomous variables and Cox regression for time variables. Potential confounders were selected based on the following criteria: bivariate association with RBC transfusion, bivariate association with the primary outcome (p value cutoff, 0.25) (17), clinical relevance (based on previous published literature and on the authors' expertise), and absence of correlation with another retained confounder. If the occurrence of an outcome was too low to include all the retained confounders in the multivariable model, we adjusted only for the severity of illness, using the PRISM score, because we believed it to be the most pertinent confounder. Continuous variables were categorized if they were not linear in the logit, as tested with the quartile design variable method described by Hosmer et al (18) . Interactions were tested one by one (between the variable of interest [transfusion] and age, cardiopathy, and PRISM), using likelihood ratio. Fitting of the final logistic regression models was tested using the Hosmer-Lemeshow statistic. For multivariable survival analyzes, extended Cox models were used with transfusion as a time-dependent variable. Survival curves adjusted to the average value of age and admission PRISM score (for several levels of exposure to RBCs) were obtained from Cox regression.
In transfused cases, we compared pretransfusion and posttransfusion values of several variables, using McNemar chi-square for comparison of proportions and Wilcoxon signed-rank test for comparison of means.
All statistical analyses were done by P.D. and T.D., using SPSS statistical software (SPSS, release 17.0.1; SPSS, Chicago, IL).
RESULTS
Over the 1-year study period, there were 913 consecutive PICU admissions involving 802 patients (Fig. 1) ; 71 cases were excluded. A total of 842 admissions (cases) were retained for analysis. At least one RBC transfusion was given in 144 cases (17.1%).
Data at First Day in PICU
Data collected within 24 hours after PICU entry are reported in Table 1 . Transfused cases were younger, more severely ill (higher PRISM and PELOD scores), and more likely to have congenital heart disease compared with nontransfused cases (34.7% vs 17.3%; p < 0.05). The hemoglobin concentration at admission was significantly lower in transfused cases (92 ± 29.6 g/L vs 115.7 ± 21.4 g/L; p < 0.05). The most frequent admission diagnoses were respiratory disease, bacterial or viral infection, and elective surgery (cardiac and noncardiac). Some admission diagnoses were significantly more prevalent in nontransfused cases (respiratory disease, viral infection, noncardiac surgery, and seizures), whereas others were significantly more prevalent in transfused cases (cardiac surgery and shock).
Data on RBC Transfusions
Data on transfusions are reported in Table 2 . Five-hundred seventy-eight transfusions were given during the 1-year study period. The mean hemoglobin level before the first transfusion was 77.3 ± 27.2 g/L. Of the 144 first transfusion events, 110 (76.4%) were prescribed during the first 2 days in PICU.
Outcomes and Their Association With RBC Transfusion Primary Outcome. NPMODS was observed in 99 of 842 patients ( Table 3 ). The crude OR for development of NPMODS after the first transfusion event was 5.14 (95% CI, 3.28-8.06; p < 0.001). When controlling for potential confounders (admission PRISM score, age, and presence of a congenital heart disease), the association between RBC transfusion and NPMODS remained statistically significant (adjusted OR, 3.85; 95% CI, 2.38-6.24; p < 0.001) ( Table 4) . Secondary Outcome. Nosocomial infections were increased in transfused cases (crude OR, 4.79; 95% CI, 2.54-9.03; p < 0.001), even after adjustment for the severity of illness at PICU entry (adjusted OR, 3.31; 95% CI, 1.67-6.56; p = 0.001). The association between RBC transfusion and 28-day mortality (crude OR, 9.49; 95% CI, 4.41-20.43; p < 0.001) was reduced but still statistically significant after controlling for severity of illness at PICU entry (adjusted OR, 5.12; 95% CI, 2.18-12.02; p < 0.001) ( Tables 3 and 4) .
Mechanically ventilated transfused cases were intubated for longer periods of time than nontransfused cases (14.1 ± 32.6 d and 4.3 ± 9.6 d, respectively; p < 0.001). This association remained statistically significant after multivariable adjustment (hazard ratio Table 4) . We observed an adjusted dose-effect relationship between RBC transfusion and length of mechanical ventilation ( Fig. 2A) .
PICU length of stay was significantly increased in transfused cases (12.4 ± 26.2 d vs 4.9 ± 10.2 d; p < 0.001). The adjusted HR of PICU discharge for transfused cases versus nontransfused cases was 0.7 (95% CI, 0.57-0.85; p < 0.001) ( Table 4) . When considering different levels of exposure to RBCs, we observed an adjusted dose-effect relationship (Fig. 2B) .
Tertiary Outcomes. The worst Pao 2 was lower in transfused cases than in nontransfused cases (61.1 ± 26.5 and 83.5 ± 28.1 torr, respectively; p < 0.001), while it did not differ between the two groups at PICU admission (Table 1) . This difference remained statistically significant even when children with and without a cyanotic heart disease were analyzed separately (Table 3) . Furthermore, the worst Pao 2 significantly decreased during the 6 hours following the first RBC transfusion (mean difference, 25.6 torr; p = 0.029) ( Table 5) . Pulse oximetry analysis also showed a small decrease between pretransfusion and posttransfusion worst oxygen saturation (Spo 2 ), statistically but not clinically significant (95.9% ± 7.1% vs 95% ± 7%; p < 0.001) ( Table 5 ).
The proportion of ARDS was similar in transfused and nontransfused cases (5.3% vs 4.2%; p = 0.54) ( Table 3) . Arterial hypotension was observed more frequently in transfused cases than in nontransfused cases (50.4% vs 28.3%; p < 0.001), but pre transfusion and posttransfusion prevalence of this complication did not differ (p = 1) ( Table 5) .
Renal replacement therapy was more frequent in transfused than in nontransfused cases (8.4% vs 0.6%; p < 0.001) ( Table  3) . It was also more prevalent after than before the first RBC transfusion (8.4% vs 2.3%; p = 0.008) ( Table 5) .
Finally, more transfused cases developed SIRS, sepsis, severe sepsis, or septic shock, but pretransfusion and posttransfusion prevalence of all these did not statistically differ (Table 5) .
DISCUSSION
This prospective observational study describes several associations between RBC transfusions and clinical outcomes in critically ill children. We report an independent association and a dose-effect relationship between RBC transfusion and increased morbidity, with an increased risk of NPMODS, a longer PICU stay, and an increased duration of mechanical ventilation.
RBC Transfusions and Worse Outcomes in Critically Ill Patients
A multicenter study conducted by Bateman et al (8) reported that after correction for age and for admission PRISM III score, transfused patients had an increased risk of death, a higher rate of nosocomial infections, more cardiac or respiratory dysfunction, a longer duration of mechanical ventilation, and a longer PICU length of stay than nontransfused patients. Other studies showing worse outcomes associated with RBC transfusions have focused on specific PICU populations (e.g., severely burned children [19] and postoperative children after an open heart surgery [1] ) or on a more restricted number of adverse events associated with transfusions in a general PICU population (e.g., bloodstream infections [20] and increased use of some intensive care resources [oxygen, mechanical ventilation, and vasoactive agents infusion] [21] ).
Most critically ill patients have systemic inflammation in association with the illness that led to ICU admission (first hit). These patients are deemed more vulnerable to any sequential insult (second hit), which may amplify the already primed inflammatory cascade (22) . This two-hit model explains many cases of multiple organ failure observed in the intensive care (23) . RBC transfusion can be a potential second hit (22) . Based on this concept, RBC transfusion may have a more significant impact in the critically ill as compared with less ill patients (24) .
Our data confirm that RBC transfusions are associated with worse outcomes in critically ill children and are of importance because of the large number of potential complications looked for, the case-mix which included a large multidisciplinary PICU population, the attention paid to the temporal relationship between transfusions and the potential outcomes, and the prospective manner in which data were collected. 
Protopathic Bias or the Importance of the Temporal Relationship
Reverse causality occurs when the outcome precedes and increases the risk for the putative exposure (25) . Protopathic bias is a specific type of reverse causality: it occurs when an outcome is associated with an exposure that actually results from early signs and symptoms of the outcome under study (26) . In other words, it is not sufficient to observe development of a complication or condition after transfusion; one must be certain the complication or condition was not present before the transfusion. Rigorous attention was paid during our study in order to avoid the presence of protopathic bias. When analyses were undertaken to compare pretransfusion and posttransfusion values of the variables studied, several associations between RBC transfusions The model gives the hazard ratio of PICU discharge: a hazard ratio significantly < 1 indicates a lower risk of PICU discharge at any time for transfused children as compared with nontransfused ones. Transfused children are compared with nontransfused. The goodness-of-fit of the logistic regression models was evaluated using the Hosmer-Lemeshow statistic, showing there was not sufficient evidence to conclude a bad fit. No significant interaction was found in any of these multivariable models. and clinical outcomes lost their significance, which highlights the possible importance of protopathic bias in this type of research.
RBC Transfusions and Oxygenation
Oxygenation markers did not improve during the 6 hours following the first RBC transfusion; we rather observed a trend toward worsening of Po 2 and Spo 2 ( Table 5 ). The posttransfusion decrease of Po 2 is particularly questioning, even if we did not expect to a Po 2 increase considering a mean pretransfusion value of 154.9 ± 106 mm Hg. Obviously, several factors not related to RBC transfusions may interfere with these oxygenation variables. However, several explanations related to RBC transfusions might also explain this observation, including transfusion-associated respiratory complications such as TRALI (3) and TACO (4) . RBCs are frequently prescribed to improve oxygen delivery (27) . An RBC transfusion increases arterial oxygen content (Cao 2 ) by increasing the hemoglobin level. It thereby should increase global oxygen delivery (Do 2 ). However, it is not always the case. Indeed, an RBC transfusion increases blood viscosity, which can decrease cardiac output in normovolemic patients whose cardiac function is not impaired by myocardial ischemia (28) and therefore nullify the global Do 2 increase that occurs with a higher hemoglobin level. Furthermore, respiratory complications associated with RBC transfusion may cause a decrease in oxygen saturation that might also counteract the positive effect of an increased hemoglobin level on Cao 2 .
In addition, RBC transfusions may also exert several effects that reduce tissular Do 2 and oxygen consumption. Although several studies have reported that RBC transfusions increase tissue oxygenation (29, 30) , others have led to conflicting results (31, 32) . Actually, a growing body of evidence suggests that stored RBCs may have adverse effects on microcirculatory flow and oxygen use (33) . Many changes occur during RBCs storage, including diminished adenosine triphosphate and 2,3-diphosphoglycerate levels (34), decreased RBC deformability over time (35) , hemolysis resulting in generation of proinflammatory microparticles (36) , and altered vasoregulation attributable to certain effects stored RBCs have on nitric oxide metabolism (37) . Several of these changes may disturb oxygen capture in the lungs and may impact the ability of RBC to increase oxygen delivery and consumption in certain vascular territories, which might contribute to organ dysfunction in critically ill patients. This could explain the greater risk of NPMODS we observed in some transfused children.
Limitations and Strengths
Our study has several limitations. It was conducted in a single center, which limits its external validity; however, our critical care unit is comparable to most multidisciplinary university-affiliated North-American PICUs with regard to case-mix and severity of illness (8, 10, 38) . Second, we did not collect data on the length of time between the first RBC transfusion and the adverse outcomes. It is therefore possible that an outcome was associated with RBC transfusion even though it actually occurred a few days after the transfusion. This may have led to an overestimation of the association between RBC transfusions and some of the outcomes assessed. Third, we did not consider RBC transfusions that occurred before PICU admission. Ninety-one children had been transfused within the 24 hours prior to PICU admission and were not considered as transfused children in our study. Fourth, our study was not able to highlight a cause-effect relationship between RBC transfusions and outcomes in critically ill children: only a randomized-controlled trial could establish such a causal link. Caution is thus warranted in the interpretation of our results. Fifth, transfused and nontransfused children are different. The need to receive an RBC transfusion selects a group of subjects at greater risk of adverse outcomes (39) . Clinical research in transfusion medicine is subject to confounding by indication, and our study does not escape to this pitfall. This bias occurs when studying the effect of a treatment (e.g., RBC transfusion) while the indication for the treatment causes the outcome (40). The sicker a child is, the more transfusions will be indicated. Also, the sicker a child is, the higher the risk that the child will have a poor outcome (40) . Even if we adjusted for several confounders, it is possible that our results are still influenced by residual confounding and that we overestimated the association between adverse outcomes and RBC transfusions (39) . Sixth, we did not consider plasma and platelet transfusions in our analyses. Number of children received at least one platelet and/or one plasma transfusion in addition to their RBC transfusion. It is possible that the associations we observed are partially explained by plasma and/or platelet transfusions. Seventh, patients readmitted to PICU more than 24 hours after discharge were considered as new cases. It can be argued that this approach leads to biased results because of correlation between cases. However, we undertook a sensitivity model using a generalized estimating equation approach (41) and showed that considering these patients as one case would have resulted in findings similar to those of our multivariable models. Finally, because of the observational nature of our study, we were not allowed to ask the physicians to prescribe laboratory analyses for the study, which resulted in some missing values for some variables (e.g., Pao 2 ). Our study also has several strengths. This is the first study to prospectively consider such a high number of outcomes related to RBC transfusions in a general PICU population. The list of outcomes possibly associated with RBC transfusion was decided upon before the study was initiated. The study included all consecutive PICU admissions over a 1-year period, which resulted in a case-mix with a limited risk of selection bias and no influence due to seasonal variation. We paid a careful attention to the temporal relationship between the first RBC transfusion in PICU and outcomes. Our paired analysis for the comparison of pretransfusion and posttransfusion values highlights the risk of protopathic bias in this type of research. Finally, the prospective nature of our study was a major asset to minimize information bias.
CONCLUSIONS
This observational prospective study suggests that RBC transfusions are associated with worse outcomes in critically ill children. We found that transfusions were associated with a greater risk of developing NPMODS, with prolonged mechanical ventilation and prolonged PICU stay. Furthermore, several of our findings raise questions with regard to the ability of stored RBCs to improve oxygenation in critically ill children and highlight the importance of temporal relationship when assessing the clinical effects of transfusions. Despite some limitations, findings from this study may help caregivers to figure out what can be the risk-benefit ratio of RBC transfusion.
